This paper presents a processing method for multi-baseline interferometric data acquired with the MEMPHIS airborne sensor. The processing method ingests the SAR raw data from each receiver and extends up to the generation of digital elevation models (DEMs). Critical steps include the correction of the azimuth phase undulations, the multibaseline processing and the phase-to-DEM conversion. Methods for resolving the various hurdles were adapted to the MEMPHIS sensor and are presented here. The results obtained for a data take over a test site near Zurich, Switzerland are shown; these results are in a good agreement with comparable LIDAR products.
INTRODUCTION
Cross-track SAR interferometry is a well-known technique used to extract topographical information from SAR image pairs. The selection of the baseline for conventional interferometric systems is a trade-off. A large baseline provides high sensitivity to terrain height variations at the cost of height ambiguities in the interferogram, leading to a difficult phase unwrapping process. On the other hand, narrow baselines provide lower height sensitivity while presenting fewer ambiguities, and thus less problematic phase unwrapping. Multi-baseline SAR interferometry combines the advantages of narrow and wide baselines.
MEMPHIS SAR SYSTEM

MEMPHIS [1] (Multi-frequency Experimental Monopulse
High-resolution Interferometric SAR) is a millimeter wave high resolution SAR system, developed and operated by the German research institute Fraunhofer FHR. It operates simultaneously at the 35 GHz-and 94 GHz radar bands, with a bandwidth of 800 MHz, using a synthetic steppedfrequency chirp. This provides a slant range resolution better than 0.2 m. MEMPHIS is typically mounted on a C-160 Transall airplane, flying at relatively low altitudes (300 m to 1000 m above ground). The collected data typically have a 600 m swath width, and can be up to 3 km long in the azimuth direction.
Both 35 GHz and 94 GHz interferometric multiple baseline antennas work with one transmitting horn and four receiving horns. The horns are displaced with respect to each other vertically, allowing single pass multi-baseline cross-track interferometry. The longest baselines are 0.275 m for the 35 GHz antenna and 0.16 m for the 94 GHz antenna.
PROCESSING METHOD
Data focusing
The SAR raw data are processed and focused to obtain single look complex (SLC) images. The same parameters are used to focus the SAR data from each horn. We use range-Doppler, -k or extended chirp scaling algorithms to produce the SLC images.
Multi-baseline processing
Two multi-baseline processing algorithms were tested. The first method is described in [2] and [3] , whereby the shorter baselines are used exclusively to assist the unwrapping of the longest-baseline interferogram. A comparison of different multi-baseline methods is made in [4] . In this comparison, the best results are obtained with the ML (maximum likelihood) processor. It consists of directly using the array of SLC data and finding the optimum phase using a ML estimator [5] . The resulting interferogram may still contain height ambiguities, related to the smallest baseline between the phase centers. This can be easily unwrapped with a conventional phase unwrapping algorithm. We use the statistical-cost network-flow algorithm for phase unwrapping SNAPHU [6] .
Phase to digital elevation model conversion
We use the aircraft navigation data and tie points to transform the range and azimuth position and their phase difference value into a digital surface model (DSM). The differential phase is described by (1) (2) (see [7] ).
The parameter p depends on the interferometric mode (p = 1 for common transmitter mode, p = 2 for ping pong mode). The data are processed in a zero-Doppler geometry. We choose an orthonormal basis with one of the basis vectors being the normed linearized velocity (the others are cross- (4) and (5) we can determine φ const and then compute the geographical position and height for each point. A regridding is subsequently required to rasterize the DSM.
Correction of azimuth phase undulations
Aircraft attitude variations (mainly the roll angle) cause fluctuations in the baseline components. If not taken into account, these variations give rise to so-called phase undulations on the interferograms.
A first correction possibility is to directly use the attitude variations measured by the INS system to correct the local baseline at each pixel position during the phase to DSM conversion. In our case, the available INS data are not sufficient for these corrections: the system accuracy is acceptable, but the measurement rate is insufficient.
A second possibility is to use the interferometric data for correcting the azimuth phase undulations, as described in [8] and [9] . We use this method, i.e. we focus the data with two different Doppler centroids (or squint angles) using only a reduced azimuth bandwidth so that the corresponding spectra do not overlap. We compute the interferograms for both Doppler centroids, flatten and unwrap them, and integrate the difference between them (after a filtering step). Since the difference between the squint angles is small, large integration errors may arise. We therefore use the INS attitude data as a reference to apply a linear correction to the integrated correcting phase, finishing with a Kalman filter to integrate the phase corrections extracted from the SAR data and calculated from the attitude data. Finally, the phase correction is applied to the range compressed data, and the processing method described in paragraphs 3.1 to 3.3 follows.
EXPERIMENTAL RESULTS
InSAR flight campaign experiments with MEMPHIS were carried out in 2009 over various areas in Switzerland. Fig. 1 presents results obtained over a highway roundabout near Zurich. Features such as forests or buildings have been masked out to permit a meaningful comparison between the generated InSAR DSM with a reference LIDAR digital terrain model. Still, these values are not exactly normally distributed: the LIDAR digital terrain model is created using the last-return data, whereas the InSAR DSM measures the height of the vegetation at the extinction level. Moreover the data acquisitions were not made at the same year period, thus the vegetation states are not the same. In order to get statistical information, the left part of the histogram relative to the maximum was mirrored and its standard deviation calculated (see Fig. 2 ).
Similar results were obtained with other data takes using the Ka-band antenna (i.e. standard deviations of approximately 0.7 m using the same approach). The Wband antenna data have not been worked out to date. Fig. 2 Histogram of the height difference between the generated DSM and the reference LIDAR digital terrain model (Fig. 1d) . The Gaussian approximation uses a mean value of 0 m and a standard deviation of 0.672 m.
DISCUSSION
The main difficulty with this airborne InSAR system is producing precise and accurate products with imperfect navigation data. A further difficulty with MEMPHIS is that it is a removable system, with the antenna pod inclined according to the data take requirements. Highly precise measurements (in proportion to the wavelength) of the lever arms/baseline vector are therefore not possible. Our approach to overcome these difficulties is to process the data from the four receivers using the same lever arm. The receivers are displaced in the direction perpendicular to the look vector; remaining errors in the look direction are much smaller than the range sample interval and therefore do not affect the SAR data coregistration. φ const also corrects indistinguishable constant errors in the baseline vector. A spectral diversity (or multisquint) method estimates the phase correction required to compensate the azimuth phase undulations. This estimation is combined with the one calculated based on the aircraft attitude data for more robustness.
Usage of the ML algorithm for the multi-baseline processing turned out to be more difficult than expected. With such small baselines, particularly the smallest ones available, requirements on the absolute accuracy of their dimension are very high. This is less problematic when effectively using only the longest baseline (the smaller baselines being used only to aid phase unwrapping), as in our initial method. The results presented here were therefore obtained with this method.
The results are in good agreement with LIDAR height models, with a standard deviation of their difference of about 0.7 m. However, the comparison with LIDAR models is not completely meaningful, because the measurements have somewhat different physical causes. Keeping this limitation in mind, we believe the method used here to compare both products seems appropriate.
